Kondo effect by controlled cleavage of a single molecule contact by Temirov, R. et al.
1 
Kondo effect by controlled cleavage of a 
single molecule contact. 
 
 
R. Temirov1, A. Lassise1, F.B. Anders2, F.S. Tautz1 
1 Jacobs University Bremen, School of Engineering and Science, P.O. Box 
750561, 28725 Bremen, Germany 
2 Universität Bremen, Institut für Theoretische Physik, P.O. Box 330440, 28334 
Bremen, Germany 
 
Conductance measurements of a molecular wire, contacted between an epitaxial 
molecule-metal bond and the tip of a scanning tunneling microscope, are reported. 
Controlled retraction of the tip gradually de-hybridizes the molecule from the metal 
substrate. This tunes the wire into the Kondo regime in which the renormalized 
molecular transport orbital serves as spin impurity at half filling and the Kondo 
resonance opens up an additional transport channel. Numerical renormalization group 
simulations suggest this type of behavior to be generic for a common class of metal-
molecule bonds. The results demonstrate a new approach to single-molecule 
experiments with atomic-scale contact control and prepare the way for the ab initio 
simulation of many-body transport through single-molecule junctions. 
 
1. Introduction 
One of the foremost challenges in the field of molecular electronics is the insufficient 
structural and electronic contact definition in many of the single-molecule transport 
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experiments reported up to date. This demands the performance and/or statistical 
analysis of hundreds of experiments to extract the relevant data 1-3. It has long been 
recognized that the scanning tunnelling microscope (STM) has the potential to make a 
difference in this respect 4-9. However, two terminal STM transport experiments often 
lack the tunability which, for example, can be achieved when molecular junction is 
combined with a gate electrode 10-12. Tunability of the transport junction and structural 
control are thus two important objectives which ideally should be realized in one and 
the same experiment, because this combination provides an optimal interface to ab 
initio transport calculations. Here we present a mechanically gated single-molecule 
transport experiment of quite general applicability in which tunability and contact 
control both reach a very high level.  
Our approach to single-molecule transport experiments is based on perfectly 
ordered, epitaxial layers of molecules on a single-crystalline metal substrate. In such 
layers the electronic properties of the metal-molecule contact can be characterized by a 
wide range of spectroscopic experiments. Our experiments have been carried out on the 
PTCDA (4,9,10-perylene-tetracarboxylic-dianhydrid) molecule (Fig. 1A). The epitaxial 
PTCDA/Ag(111) interface 13, 14 is a model organic/metal interface, for which a large 
number of integrating 15-17 and single-molecule spectroscopies 18-20  as well as structural 
probes 21-24 have revealed a chemisorptive substrate-bonding of PTCDA through the π-
electrons of its perylene core. Fig. 1A summarize the PTCDA-Ag contact: the former 
Lowest Unoccupied Molecular Orbital (shown as L0 in Fig.1B) hybridises with metal 
states and is pulled below the Fermi level EF 
15, 17, 18, yielding an occupation number 
close to two. In addition, there is a second interaction mechanism which involves the 
carboxylic oxygen atoms 22. The two interactions correspond to distinct functionalities 
of the PTCDA molecule towards Ag(111) surface (delocalised π-electron system vs. 
carboxylic oxygen atoms). The separate bonding distance optimisation of these two 
3 
parts above the Ag(111) substrate leads to a buckling distortion of PTCDA on Ag(111) 
22 (schematically shown in Fig. 1A).  
In our experiment, the molecular wire is established by a chemically bonded point 
contact between the epitaxially adsorbed PTCDA molecule and the tip. For this purpose, 
the molecule should possess a functional group which is free to react with the tip. 
Because of its two interaction channels towards metals, PTCDA is well-suited for this 
experiment, since it is in fact possible to transfer the bond of one of the four carboxylic 
oxygen atoms from the substrate to the tip and thus establish a molecular wire with well 
defined contacts (Fig. 1C).  
After tip-molecule contact formation, the molecular wire junction can be stretched 
by retracting the tip, leading to a cleavage of the molecule-substrate bond and a 
simultaneous gating of the molecular wire. In the present example of the tip-PTCDA-
Ag(111) wire, the transport spectra thus recorded not only reveal minute details about 
the metal-molecule bond breaking process, but also about the many-body transport 
physics in the molecular wire. To explain the observed behaviour, we suggest a scenario 
based on the Kondo effect 25, 26, which has been studied extensively in single-electron 
transistors 27-30, carbon nanotubes 31, 32, magnetic adatoms 33-37 and single molecules 10, 
11, 38
, to explain the results of our transport spectroscopy. 
The paper is organized as follows: In section 2 we briefly summarize our 
experimental methods. In section 3 we will argue in detail that it is indeed possible to 
contact PTCDA as shown schematically in Fig. 1C. In section 4 we report the transport 
spectra of the mechanically gated molecular wire junction and discuss the implications 
of these data. In section 5 we discuss model calculations which allow one to rationalize 
the observed transport behaviour in terms of many-body correlations. Finally, the 
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summary of the bond cleaving and transport scenario emerging from our experiment on 
structurally defined PTCDA wire junctions concludes the paper.   
2. Experimental Methods 
Experiments have been carried out in a low temperature STM (Createc GmbH) in 
ultra high vacuum at 10 K. The STM is located in a special ultra-low vibration 
laboratory. Electrochemically etched tungsten tips have been used for all experiments 
reported here. Before the measurements, the tips were annealed in-situ by electron 
bombardment. Between the measurements, tips were additionally prepared in the STM 
at low temperature by applying voltage pulses and by tip indentation into the clean Ag 
surface. 
The Ag(111) surface was prepared by consecutive cycles of Ar+ sputtering with 
an incident ion beam energy of 800 eV, followed by thermal annealing at 820 K. Prior 
to the deposition of PTCDA, the surface quality was controlled with Low Energy 
Electron Diffraction (LEED). PTCDA was deposited by sublimation from a home-built 
Knudsen cell, heated to 580 K. The substrate was held at room temperature during 
molecule deposition. The PTCDA material (commercial purity 99%) was purified by 
resublimation and outgassed in UHV for extended times (>100 hrs).  
Two types of conductances are reported in this work. Firstly, we have measured 
approach and retraction spectra in which the current at low bias voltages (±2 mV) is 
recorded as a function of distance. These spectra yield linear conductances which are 
denoted as I/Vb. Because of the low bias voltage, this conductance very nearly 
corresponds to the zero bias value of the differential conductance G=dI/dVb, i.e. 
G(Vb≈0)≈I/Vb. Secondly, we have measured the differential conductance G(Vb) at finite 
bias voltages, using a small bias modulation and lock-in detection. The modulation 
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amplitude was 4 meV in most cases, while modulation frequencies are quoted in the 
respective figure captions. 
The z-scale in our approach and retraction spectra is based on the calibrated piezo-
voltage of our instrument. The calibration of the STM piezoelectric scanner was tested 
by measuring the height of mono-atomic Ag(111) steps. The result of 2.433 Å is in very 
good agreement with the expected value of 2.356 Å. In all approach and retraction 
curves the absolute value of the z-coordinate axis is referenced to the average position 
of the PTCDA carboxylic oxygen atoms. This scale has been calibrated in the following 
way. (1) The tip is stabilized at I = 0.1 nA and Vb = –340 mV (“stabilisation point”) 
above the maximum of the PTCDA L0 state. (2) With closed feedback loop, the tip is 
moved above bare silver, whence the tip moves (0.75 ± 0.02) Å toward to the surface. 
(3) The feedback loop is opened and the tip is moved into contact with the Ag surface. 
After an appropriate correction 6, 39, the corresponding z-piezo shift yields an absolute 
tip height above silver. From this absolute calibration and the knowledge of the 
adsorption height of carboxylic oxygen above PTCDA 22, a tip height of (6.7 ± 1.6) Å 
above the carboxylic oxygens of PTCDA at the stabilisation point is calculated. The 
uncertainty of 1.6 Å originates from considering two extreme (and unlikely) limits of 
tip-surface contacts. In reality, the (statistical) error bar will be much smaller; we 
estimate an error of ± 0.8 Å. A typical approach curve with the definition of the tip-
metal contact point and a schematic of the complete z-calibration process are shown in 
the Supplementary Figure 1b and discussed there. 
3. Mechanics of the Molecular Wire Junction 
3.1. Contacting the Molecule 
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As mentioned in the introduction, the second contact necessary for our transport 
experiment as suggested in Fig. 1C is established as a chemical bond between the 
carboxylic function of surface-adsorbed PTCDA and the STM tip.  
We have systematically investigated the possibility to form contacts to the 
molecule, by placing the tip at defined positions above the molecule and recording I/Vb-
conductance profiles during tip approach and retraction. Several of such approach 
retraction curves are presented in Fig. 2A. When the approaching the tip above the π-
system of PTCDA, an intermittent contact formation of the type previously reported for 
C60 is observed 
4, 8, while the C-H edge exhibits tunnelling-like behaviour up to the 
closest distances recorded here. In contrast, during approach at the carboxylic oxygen 
atom, the position of which is well known from systematic imaging experiments and 
STM simulations18, 40, we observe abrupt current jumps which are beyond the resolution 
of the piezo-scanner. A typical approach-and-retraction curve measured over the 
carboxylic oxygens is shown in Fig. 2A (red curve). The two hysteretic current jumps in 
Fig. 2A can be explained by two successive jumps of the junction, first into and then out 
of contact, as schematically shown in Fig. 2B.  
Abrupt contact jumps like the ones shown in Fig. 2A only occur in well-defined 
positions of the molecular layer as indicated by the constant current image displayed in 
Fig. 3A, which was performed at an average tip-to-sample distance approximately 
corresponding to the tunnelling conditions in the vicinity of the point 2 in Fig. 2A. The 
image reveals a set of sharp protrusions, each confined to a spatial region of ~1 Å 
diameter around the carboxylic oxygens of PTCDA. These features are due to the 
junction jumping first into and then out of contact while the tip travels laterally across 
the carboxylic oxygen atoms of PTCDA. The abrupt increase in current associated with 
the first jump leads the feed-back loop to retract the tip by ~2.5 Å, and the 
corresponding signal is thus shown as sharp protrusions in Figs. 3A,B. In Fig. 3A, only 
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one type of carboxylic oxygen atoms react. However, if the tip is approached even 
closer, more carboxylic oxygen atoms respond in a similar way (Fig. 3B). From images 
such as Fig. 3A,B we must conclude that the contact between the tip and PTCDA is 
highly selective and, on the side of the molecule, involves a single atom. 
We have also investigated the statistics of contact jumps, using a data set of 282 
approach curves recorded at bias voltages of ±2mV. The approach-and-retraction curves 
themselves are shown in Fig. 5 and will be discussed in more detail below. Their 
statistics is displayed in Fig. 4. Just before switching (point 1 in Fig. 2A), the tunnelling 
conductance I/Vb ranges between 0.002 and 0.02 G0, where G0=2e
2
/h. Conductances of 
the junction after contact formation (point 2 in Fig. 2A) are an order of magnitude 
larger. Interestingly, it is even possible to resolve a difference in the response threshold 
of two types of molecules in the layer (Fig. 4B). Its well-known that in the 
commensurate superstructure of PTCDA on Ag(111) there are two non-equivalent sites 
14, 18, 40; the corresponding molecules are labelled A and B in Figs. 3A,B. As seen in Fig. 
4B, type A molecules respond 0.2 Å later than type B molecules.  
The next question which arises is what happens microscopically in the junction 
during the contact jump? From the properties of the molecule discussed in context with 
Fig. 1A, and the sharpness of the response as compared to approach at all other points, 
one may infer that the carboxylic oxygen atoms flip-up into contact with the tip, as 
shown schematically in Fig. 2B. Indeed, in the competition between the chemical 
Agsubstrate-O and the Metip-O interactions the latter must eventually become dominant, 
thereby attracting the oxygen to a new potential. The difference in the response 
thresholds mentioned above for the two molecules is in fact a strong indication that it is 
the carboxylic oxygen atoms which jump into contact. DFT calculations for the 
PTCDA/Ag(111) interface 22, 40 show that the height difference between the carboxylic 
oxygen atoms of the two molecules is of the order 0.05-0.1 Å and hence considerably 
8 
smaller than 0.2 Å. It thus appears that the threshold distance in Fig. 4B does not scale 
with tip-oxygen distance, but rather with the oxygen-substrate bonding strength: in the 
case of type A molecules carboxylic oxygens are located on top of silver atoms, while in 
B molecule they are close to bridge sites. In our case the on-top geometry seems to 
result in a stronger bonding of the oxygens which in turn demands a closer approach of 
the tip. The different thresholds for A and B molecules thus corroborate the idea that the 
oxygen-substrate bond is in fact ruptured when the discontinuity in the current is 
observed: The oxygen atom flips up, and the current rises because it can then flow via 
the molecule, without the necessity to tunnel through space. The flipping up of the 
carboxylic oxygen atom was in fact also confirmed in a density functional calculation in 
which a tip was approached above the carboxylic oxygen atoms of PTCDA adsorbed on 
Ag(111) (cf. supplement). 
We now discuss the nature of the tip-molecule contact. Once formed, it in 
principle allows the removal of individual PTCDA molecules from the surface by 
simple tip retraction (no current or voltage pulses are applied), as the artificial vacancy 
structure in the inset of Fig. 3C demonstrates. This contact strength rules out weak van 
der Waals forces between tip and molecule as basis of the contact. Moreover, the 
current discontinuity is independent of tip bias, which excludes purely electrostatic 
forces, too. The distribution of “after-contact” junction conductances, peaked around 
0.03 G0 and extending to 0.15 G0 (see Fig. 4), also suggests a chemical bond 
4, 8. Finally 
tip-molecule contacts created by the STM tip and carboxylic function of PTCDA allow 
to pass currents of several microamperes similar to other chemical contacts 8. In the Fig. 
2B the blue curve represents one of the experiments where the tip molecule contact 
breaks at ~ -0.5 V, at this point the current through the junction has reached 5 µA. An 
image recorded immediately after the contact had broken (inset in Fig. 2B) reveals the 
destruction of the contacted molecule. All these observations, as well as the chemical 
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specificity mentioned above, indicate that the tip-PTCDA contact is a chemical bond 
involving the carboxylic functionality of the molecule.  
Concluding the discussion thus far, it is clear that an Ag(111)-adsorbed PTCDA 
molecule can be joined between metallic tip and substrate via two chemical contacts 
located at different functionalities of the molecule. The contact to the substrate (π-
contact) is formed by the extended π-electrons of the perylene core and the carboxylic 
oxygen functionality, while the contact to the tip (T-contact) is formed via a single 
carboxylic oxygen atom as sketched in Fig. 1C. Because the two contacts are formed at 
different molecular functional groups which react as distinct entities with their 
respective bonding partners we reach the conclusion that the contacts are well-localised 
at their respective parts of the molecule, making this system a suitable model system for 
a single-molecule wire. 
3.2. Stretching the Molecular Wire Junction 
We now turn to a detailed discussion of the mechanical aspects of the junction 
stretching experiments. In total we have stretched several hundreds of junctions and 
simultaneously recorded the current at a fixed bias voltage of ±2mV. It has already been 
mentioned that the Metip-O bond is strong enough to remove molecules from the 
surface, by simple tip retraction. The success rate of such molecule manipulation, 
however, depends on the tip state, reaching more than 50% for some tips and falling 
below  ~1% for others. Quite generally, all tips which we have used showed better 
success rates for PTCDA molecules residing at the edges of molecular islands or for 
completely isolated molecules on the Ag(111) surface. At the same time PTCDA 
molecules residing within compact islands were found to be the least prone to 
manipulation. This behaviour might in fact be explained by intermolecular interactions 
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acting in the layer, which are known to have a strong influence on the structural and 
electronic properties of the layer 18, 40, 41. 
At the end of an approach-retraction cycle, three possible outcomes of the 
contacted molecule may be distinguished (and are indeed observed in the various 
experiments): (1) After removal from the surface, the molecule may be transferred to 
the tip permanently, where in subsequent imaging experiments it yields contrast types 
which are well-known to result from a tip functionalised with PTCDA 40; this was the 
case during the preparation of the artificial vacancy shown in the inset of Fig. 3C, which 
meant that after each removal the tip had to be cleaned above the bare Ag(111) surface. 
(2) After its transient removal from the surface, the molecule drops back to the surface 
and may still be imaged there, but at a different lateral position from where it was 
picked up. In these experiments the tip state stays preserved. Transient removal and 
preserved tips are often observed when molecules with reduced number of neighbours 
(e.g. isolated or island edge molecules) are contacted. Examples are shown below in 
section 4. (3) After the rupture of the Metip-O contact, the molecule can fall back into its 
old place on the surface. This often happens for early ruptures of the Metip-O contact 
and/or in compact layers where a lateral movement of the molecule is hindered by its 
neighbours. Similarly to the case (2), the tip state after such an event remains the same. 
Outcome (3) which quite reliably keeps the molecule and the tip states unaffected, 
allowed us to obtain a large statistical ensemble of junction experiments devoid of any 
dependence on the microscopic state of the tip (Figs. 4 and 5). In fact, Fig. 5 
demonstrates a very good degree of reproducibility as long as the tip properties are 
unchanged. 
 To analyse more closely the mechanical changes in the junction occurring when 
the tip is retracted, we have plotted in Fig. 6 the I/V conductances of a few typical 
junction stretching experiments on a logarithmic scale, recorded on island (black and 
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red), boundary (blue) as well as single (green) molecules, and ending with removal (red) 
or displacement (blue and green) of the molecule as well as its dropping back into the 
old position (black). In all cases, the jump-into-contact occurs at z-coordinates close to 3 
Å. Within the first 2-3 Å of tip retraction, the conductances go through a maximum. The 
maximum is related to the transport physics of the molecular wire and will be analysed 
in detail in sections 4 and 5. Here, we concentrate on the general behaviour of the 
retraction spectra. For all curves, the current reaches the tunnelling level after retracting 
the tip by 10-12 Å. This is in remarkable agreement with the length of the molecule, 
which, measured between the nuclei of two carboxylic oxygen atoms, amounts to 11.5 
Å. Evidently, this finding is a strong indication that the molecule remains in the junction 
until it is lifted up into an almost vertical position. Only at this point, one of the 
contacts, either to the substrate or the tip, finally breaks. We can thus be sure that in all 
cases in Fig. 6 we really lift up the molecule, even if after the experiment the molecule 
is found in its old position on the surface. Incidentially, the fact that the final rupture 
occurs after a tip retraction distance quite closely corresponding to the length of the 
molecule also indicates that the tip itself is mechanically stable during the junction 
stretching experiment.  
Closer inspection of Fig. 6 reveals a further common feature of all curves. After approx. 
4 Å retraction distance, the conductance curves, which in the range from 0 to 4 Å 
retraction distance show a smooth behaviour with conductance maximum, exhibit an – 
on overall decay which is superimposed with strong, abrupt jerks of the conductance. 
The conductance jerks indicate that at this stage the junction structure is not stable any 
more. Notably, the change always occurs after approximately the same stretching 
distance, which points to a distinct geometrical configuration of the junctions at which 
the instability occurs. The initial stages of the stretching have been analysed by a 
density functional calculation, in which after Metip-O contact formation the tip was 
retracted in steps of 0.2 Å. The simulation shows that during initial tip retraction the the 
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part of the molecule closest to the tip is peeled off the surface by cleaving the π-contact 
to the surface. It is clear that due to geometric constraints, this peeling off must finally 
cross over into a regime in which the far end of the molecule slides over the surface 
while the molecule is lifted up further by the tip (cf. Fig. 9). The observed jerks and the 
corresponding junction instability in Fig. 6 may in fact be associated with this sliding 
motion. 
4. Electronic Transport Spectra of the Molecular Wire Junctions 
4.1 Experimental Results 
We have seen in the previous sections that the mechanical strength of the tip-molecule 
contact allows us to tune and measure the electronic and transport properties of the 
molecular wire junction in wide limits, from equilibrium chemisorption of the molecule 
on Ag(111) to the point when electronic contact to the substrate is severed. It has been 
shown in the previous section that in 100% of the cases in which the junction was stable 
upon stretching (unlike the case shown in the Fig. 2A where the tip-molecule bond is 
broken at the early stages of tip retraction) the low-bias differential conductance 
G=dI/dVb, evaluated as G(Vb≈0)≈I/Vb, exhibits a surprising, yet well-pronounced 
maximum, as seen in Figs 5 and 6. Interestingly, the overall behaviour of the retraction 
spectra is similar in all three cases, apart from the systematic shift in conductance peak 
maxima between island, boundary or isolated molecules,. 
A statistical evaluation of key parameters of the data set in Fig. 5 shows that the 
low bias peak conductance of the stretched junctions ranges between 0.1 and 0.3 G0, 
which is a factor of approximately 8 larger than the conductance directly after jump into 
contact (Fig. 4A). In most cases, the peak conductance is reached after retracting the z-
piezo by 1.5 Å, although there is also a notable broad distribution centred around 2.3 Å 
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piezo travel (Fig. 4B). Following the analysis of the junction stretching mechanics in the 
previous section, it is clear that the conductance peak occurs while the molecule is 
peeled off the surface, before the junction instability sets in; it must therefore be 
associated with π-bond cleavage which is visualized by the DFT calculation shown in 
supplement.  
To further investigate the origin of the conductance maxima in Figs. 5 and 6, we 
have performed a full spectroscopic characterization of 29 molecular junctions during 
stretching. This was achieved by interrupting the tip retraction at regular intervals to 
record full differential G(Vb) conductance spectra using the lock-in technique. These 
experiments were carried out on molecules at island boundaries and separate molecules, 
because contacts to molecules with reduced number of neighbours were found to be 
more stable at the high current loads which are inevitable during the spectroscopic 
measurements. Two experiments with full spectroscopic data are displayed in Figs. 
7A,C (junction I, recorded for a separate molecule) and B,D (junction II, recorded on a 
molecule on an island border). After both experiments, the surface region was imaged 
again (insets in Figs. 7A,B), indeed revealing the displacement of each contacted 
molecule from its original position. We note that the retraction spectra of junctions I and 
II have already been shown on a logarithmic scale in Fig. 6 (green and blue curves 
respectively).  
The behaviour of differential conductance G(Vb) upon junction stretching is 
summarized as follows: Immediately after contact formation the overall conductance 
jumps by an order of magnitude with respect to the tunnelling regime. In the early 
stages of tip retraction, changes of G(Vb) are relatively small (blue series in Fig. 7C). 
Later the conductance at negative bias starts to increase, because a spectral feature 
approaches the Fermi level (EF) from the left (green series in Fig. 7C). This process is 
accompanied by the simultaneous sharpening of the approaching peak. Remarkably, 
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upon further stretching the peak stays pinned at EF and its FWHM does not change any 
more, while the peak intensity gradually decays (red series in Fig. 7C), until the junction 
conductance becomes unstable (Note that the pinned peak can be observed well into the 
regime where conductance jumps abruptly). The experiment on junction II exhibits a 
similar behaviour, the only difference being that the intermediate (green) series of peak 
sharpening and approach to EF is bypassed and an immediate transition from the low- to 
the high-conductance state, the latter characterized by the narrow peak at EF, is observed 
instead. In fact, the gradual shift of the peak to the Fermi level represented by the green 
series in Fig. 7C is a generic property of stretching experiments on isolated molecules. 
The systematic differences between in stretching behaviour of isolated and island edge 
molecules depicted in the Figs. 7C,D might be due to the intermolecular interactions in 
the layer. In the following, we will refer to the blue and green spectra in Fig. 7C as 
belonging to phase 1 of the stretching experiment, while the red spectra belong to phase 
2. The regime in which the junction is unstable is referred to as phase 3.  
4.2 Discussion 
Firstly, we would like to point out that the experimental approach reported here offers a 
very good opportunity to measure transport on molecular wires with well-defined 
electrode contacts. In the field of molecular electronics, contact definition is a particular 
challenge, because on the one hand traditional single molecule transport experiments, 
e.g. mechanically controlled break junctions 42-44, present only very limited chances to 
structurally characterise, let alone control, lead contacts, while on the other hand 
theoretical calculations reveal that the contact properties have a strong influence on the 
current transport through the wire, sometimes even stronger than the molecule itself 1, 2.   
In our experimental approach, one of the two contacts is formed to a single 
crystalline surface and hence may be characterised by the full range of surface science 
15 
spectroscopies and microscopies. The other contact is to the tip of an STM. Of course, 
this contact is structurally less well-defined than the former, but it is still possible to 
determine exactly which part of the molecule reacts with the tip. This is particularly 
important for more complex molecules which contain more than one reactive group; 
without the controlled approach of the STM tip it would be impossible to select which 
of the functional groups actually forms the lead contact. Moreover, with systematic 
approach-and-retraction spectra, in the future possibly coupled with simultaneous force 
measurement, one can characterise this tip-molecule contact very well, before full 
current-voltage transport spectra are recorded.  
We have seen above that in spite of our well controlled junction geometry, one 
still observes variations in behaviour which are currently beyond control, yet often show 
a systematic pattern (e.g. generic differences in stretching of island and isolated 
molecules). However, it is also true that the number of experiments which are needed to 
clarify the physics is much smaller than in traditional techniques, because one can from 
the outset eliminate a large number of “failures” by the careful preparation of the single 
crystalline sample surface, the molecular layer, and the tip. Moreover, with the imaging 
capability of the STM the a priori selection of appropriate objects becomes possible. 
Further developments of the technique may reduce the need for statistics even further. 
We foresee that the experiments like the one reported here may be conducted on a 
larger number of different molecules. The only requirements of the technique are the 
existence of a well-defined adsorption geometry of the molecule on the surface and the 
existence of a dedicated functional group to which the tip can bind strongly enough to 
pick up the molecule. In all of such cases there are then good chances that a molecular 
wire may be established. Because the tip can be approached to the functional group 
which one wishes to contact, we are not limited to those functional groups like thiols 
which spontaneously form bonds to a contact in a self-organisation process. 
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With the method proposed here, the large body of knowledge accumulated over 
the last decades in the field of surface science can be brought to bear on molecular 
electronics in general and single molecule transport experiments in particular. 
Moreover, the approach will allow the ab initio theoretical simulation of transport in 
realistic systems the structure of which has been established by experiment. In a first 
step, ab initio geometric and electronic structure calculations are to be performed; if 
they recover the experimental geometry, the electronic structure thus obtained can then 
be used as the basis of transport calculation at various levels of sophistication, including 
the first-principles level.  
Let us now turn to the particular results of the present experiments and try to 
understand the behaviour of the PTCDA wire under stretching. On the basis of our 
knowledge about the PTCDA/Ag(111) electronic structure, we can explain the 
behaviour in phase 1 in Fig. 7 as being caused by the shift of the bonding orbital 
towards EF, due to π-bond cleavage. In fact, the behaviour precisely follows standard 
chemisorption theory 45 in the reverse: As the molecule approaches the surface during 
the chemisorption process, the interaction between the chemisorbate-to-be and the 
surface causes a downshift of the molecular LUMO (affinity level), because it is 
stabilized by image forces. Eventually, the affinity level may end up below the Fermi 
level EF and be filled by charge transfer from the metal, as in the present case of 
PTCDA/Ag(111). Additionally, the molecular level will be broadened due to 
hybridisation with metal states. We note here that for PTCDA the molecular affinity 
level extends over the perylene core of the molecule. Filling and broadening of this 
level thus constitutes the π-bond (or π-contact) between in PTCDA and Ag(111) (Fig. 
1A). From now on we call the bonding orbital corresponding to the π-contact L0 and its 
energy ε0. On stretching the junction and cleaving the π-contact, the chemisorption 
process is reversed: L0 moves up in energy and sharpens again. This is precisely what is 
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observed experimentally in Fig. 7, where the differential conductance G(Vb) is 
determined by the changing density of states of the metal-molecule π-contact.  
We note in passing that the mechanical strain on the junction here acts in a similar 
way as gate voltages in a single-electron transistor do, shifting the energy ε0 of the 
electronic level L0 with respect to EF of the contacts. Note, however, that the mechanical 
gating employed here simultaneously changes the coupling constant ΓS of the molecule 
to the surface.  
In phase 2, we observe a deviation from the simple picture of reverse 
chemisorption. On its basis, we would naively expect a continued shifting of L0 through 
the Fermi level to energies ε0>0. This is, however, not what is observed. Rather, the 
conductance peak becomes pinned at EF, as mentioned already above. At the same time, 
the standard theory of the interaction of local with extended states, as introduced by 
Anderson for impurities in bulk metals 46 or by Newns for the chemisorption problem 47, 
predicts that the simple single-particle picture of the bond cleaving process outlined in 
the previous paragraph only holds until the moment when the L0 comes within a 
characteristic energy scale of the Fermi level, at which many-body correlations in the 
molecules and its contact come into play 48. This energy scale is defined by electron 
correlations in the local orbital.  
In the remainder of the paper we will explore the notion that the experimentally 
observed pinning and the electron correlation are related in the present case. It may be 
true that other mechanisms for the pinning are conceivable, or even that the pinning is 
purely accidental. But the point which we will argue below is that, on the appropriate 
energy scale, the effects of correlations are very likely to show up and cause pinning of 
the resonance L0.  
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The Coulomb repulsion between electrons determines crucially the physical properties 
of atoms and molecules. In single-electron transport experiments, the fluctuation of the 
electronic occupation in a molecule is associated with a charging or correlation energy 
U due to the electron-electron interaction. For an extended orbital like PTCDA’s L0 in 
the presence of a well-screening metal surface, we may expect this energy to be small, 
but certainly not zero. If the level position of the orbital L0 is far away from EF on the 
scale of U (i.e. |ε0|>>U), L0 can be regarded as a doubly occupied singlet. If, however, 
the orbital is close enough to EF e.g. as the result of the mechanical gating in our 
experiment), the Coulomb repulsion U forbids such a doubly occupancy, and the singly 
occupied orbital carries a magnetic moment, if at the same time the contact coupling 
parameter  Γ is sufficiently weak (U/Γ >1)  to prevent the electron to become 
delocalized. Since the mechanical gating tunes both ε0 and Γ towards zero, with U 
varying only weakly, we may indeed expect our wire to enter a regime in which many-
particle correlations become relevant. In particular, Kondo-like correlations may arise 
between the singly occupied molecular level L0 and the electrons in the two leads, i.e. 
substrate and tip, leading to a transport resonance pinned at the Fermi level 44.  
5. Model Calculation 
5.1 Introduction of the model 
To confirm that the scenario sketched out above predicts a resonance in the differential 
conductance pinned at the Fermi level, we have carried out a simple model calculation 
in which the essential ingredients of our system are present: a local level L0 which is 
shifted by some gating effect with respect to one electrode, effective couplings ΓS and  
ΓT between this level and the electrodes, and a correlation energy U in the local level. 
This is the Anderson model, which – as pointed out by Newns – also captures the 
essential physics of the chemisorption problem. Of course, in principle one should take 
19 
into account that transport through a molecular junction depends on contributions from 
all its different molecular orbitals, the details of their couplings to the substrate and the 
STM tip, and also the direct STM/substrate coupling. However, from the absence of 
Fano line-shapes in our dI/dV spectra we can exclude a direct tip-substrate tunnelling 
current 33-35, 49. Moreover, the lack of a peak sub-structure in our data suggests that the 
major contribution to the transport current stems from charge transport through a single, 
strongly substrate- and tip-coupled orbital. As it stands, this can only be the level L0 
(see above). For the correlation (or local charging) energy U in L0 (proportional to e
2
/r ) 
a reasonable estimate of 100 meV follows from the spatial extension of the LUMO (~10 
times a typical atomic radius) and the dielectric screening in the close vicinity of the 
metal. 
We now discuss the basic features of our model calculation. The lead coupling of a 
single level is determined by two lead coupling functions ∑ −=Γ
k
kkV )()(
2
ααα εωδπω , 
one each for the tip (α=T) and the substrate (α=S); details of individual coupling matrix 
elements |Vαk|
2 to a conduction electron with momentum k thus only enter in an averaged 
manner 50. To leading order, these coupling functions can be replaced by energy-
independent coupling constants ΓS and ΓΤ. In this simplified model, the electrical current 
as function of bias is determined by the Laudauer-type formula 51 
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where the bias eVb=µT-µS is given by the difference between the chemical potentials of 
substrate and tip52. The zero bias differential conductance 51 
)/(
~
)0( 0 KTThGG =         (2)  
is obtained by differentiating equation (1) with respect to the bias. The universal 
function h(x) is a convolution of the T-matrix with the derivative of the Fermi function. 
Its argument is the reduced temperature T/TK, where the Kondo temperature TK is a 
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characteristic temperature below which many-body effects become relevant. In our 
numerical simulations we use a single parameter Γ which is given by Γ=ΓS+ΓΤ.  
5.2 Results of the model calculation  
We have used the numerical renormalization group method (NRG) 50 to calculate the 
equilibrium T-matrix 53, 54 of our model Hamiltonian as function of energy E and level 
position ε0. In Figs. 8A,B the magnitude of the T-matrix is plotted as colour map. Two 
different parameters sets are displayed: Fig. 8A has ΓS+ΓT=10meV and T=1K, while 
Fig. 8B has ΓS+ΓT=20meV and T=9K. The T-matrix is proportional to the 
experimentally measured differential conductance. Accordingly, vertical cuts through 
the (Vb,ε0)-plane correspond to differential conductance spectra such as plotted in Figs. 
7C,D, while horizontal cuts would reveal how the differential conductance at fixed bias 
depends on the L0 binding energy ε0.  
The plots in Fig. 8 show that for a doubly occupied (n=2) or an empty (n=0) level 
many-body effects indeed remain weak: the T-matrix is in these cases determined by a 
Lorentzian-broadened single-particle level located at either ε0+U (for n=2) or ε0 (for 
n=0). The first corresponds to the removal of one electron from the doubly occupied 
level L0, the second to the addition of one electron to the empty L0. Evidently, both 
processes allow charge transport through the molecule.  
However, Fig. 8A also shows that as soon as soon as L0 is shifted up so far that  
ε0+U becomes equal to EF, the orbital occupancy in L0 is reduced to n=1 and the single 
level splits into two differential conductance peaks at ε0 and ε0+U, seen as light blue 
features in the colour map 48. Additionally, Figs. 8A,B clearly show a new resonance 
pinned close to EF; this is a many-body resonance, and its origin is the finite correlation 
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energy U and the magnetic moment in the molecular orbital L0 at odd-integer filling 
(n=1) 48.  
In Fig. 8A the many-body resonance is indeed accompanied by two well-resolved 
single-particle resonances at ε0 and ε0+U (cf. the cut through Fig. 8A shown in Fig. 8C). 
This is the situation of the classical Kondo effect, where charge fluctuations in the local 
orbital L0 are completely suppressed and the only remaining excitations associated with 
L0 are spin-flips. But crucially, in accordance with Friedel’s sum rule 
55
, our NRG 
simulation predicts the Fermi level pinning of the differential conductance peak even in 
the weakly correlated mixed valence regime of Fig. 8B, where Γ is so large that charge 
fluctuations in the orbital L0 are not completely suppressed. The resonance at EF in 
Fig.8B is then a superposition of the two single-particle peaks in the left and right tails 
and the many particle peak in the centre (cf. blue curve in fig. 8C). The model 
calculation thus reproduces the experimental behaviour qualitatively. In the next section 
we will analyse its relation to the experimental data in more detail.  
5.3 Relation to experiment 
We now relate the results of the model calculation to our experimental findings, and 
discuss separately the two phases of the experiment. 
5.3.1. Phase 1  
We first note that, in agreement with the NRG prediction for the even-integer 
occupancy regime, we do observe in Fig. 1B and the green series of Fig. 7C a single 
resonance in the differential conductance. This resonance persists as long as the 
overwhelming majority of DOS relating to L0 is below the Fermi level, i.e. for n close to 
2. 
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Let us now turn to the pinning regime. As pointed out in the previous section 
already, both experiment and model calculation show this pinning qualitatively. But 
beyond this qualitative accordance, the simulation of fig. 8B and the experiments show 
a quantitative agreement if physically reasonable model parameters are assumed. 
Following Kondo theory, the width of the peak at EF is determined by the parameter 
ratio U/Γ, changing from Γ at U/Γ<<1 to an exponentially small value  
[ ])2/()(exp 00 Γ+∝Γ UUeff επε     (3) 
at U/Γ>>1 (in the limit T→0). In the model calculation of Fig. 8B, carried out at the 
experimental temperature 9 K and with U/Γ=5, the width of the transport resonance 
decreases from 40 meV (FWHM) in the single-particle regime to 20 meV for the pinned 
peak. Experimentally, we observe a width of the pinned peak of 23 meV (junction I) 
and 13 meV (junction II). In the case of junction I, where we have access to the relevant 
regime, the width of the pinned peak corresponds to about half the width of the single-
particle L0 just before pinning occurs, in good agreement with the simulation of Fig. 8B.  
Next to the absence of well-resolved, separate single-particle peaks at ε0 and 
ε0+U, this experimentally observed moderate sharpening is further evidence that at the 
end of phase 1 our wire is in a weakly correlated regime. We thus can conclude that the 
mechanical gating tunes our wires into borderline Kondo physics. From the peak width 
of the pinned resonances we can estimate Kondo temperatures in the range 80 K 
(junction II) to 160 K (junction I).  
In principle, it would be desirable to test the proposed mixed valence/Kondo 
scenario in our junctions further by measuring transport spectra at temperatures above 
TK, where the many-body resonance, and thus the pinning, should vanish 
26. However, it 
has turned out that such experiments are impossible. To record a series of spectra as in 
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Fig. 7, the molecule needs to be stabilized in the junction for ~5 minutes, with the feed-
back loop of the STM turned off. The experiment thus relies on extremely low drift 
levels (both laterally and vertically), which in our instrument cannot be achieved at  
temperatures above base temperature of 6-10 K, let alone at temperatures in excess of 
150 K. Similarly, a common test for Kondo physics is the application of magnetic fields 
to split the Kondo peak 26. But such high Kondo temperatures would need magnetic 
fields stronger then 100 T 26, which are clearly not available.  
5.3.1. Phase 2 
We now turn to the second phase of the stretching experiment, when the pinned peak 
decays on further stretching. The peak position remains close to chemical potential, and 
no re-appearance of a single, shifting peak for Vb>0 is observed. Instead, the 
experiments cross over into a regime in which the zero-bias differential conductance 
peak decays. This implies that the level position does not cross the chemical potential in 
phase 2. 
On the one hand, it seems unlikely that our experiment can tune the level L0 into 
the n=0 regime (i.e. ε0>0), because this would correspond to a free PTCDA molecule. 
But in our experiment the molecule must stay in contact with at least one of the electron 
reservoirs. This may well mean that molecular level does not become unoccupied (i.e. at 
least ε0 remains below EF). On the other hand, the major effect on the differential 
conductance in this regime is given increasingly asymmetric coupling of the molecular 
orbital to the substrate and the STM tip. Stretching the contact yields a reduction of the 
molecular coupling to the surface ΓS and therefore the total coupling Γ= ΓS + ΓT. The 
many-body resonance width is reduced, but remains pinned to the chemical potential 
close to the unitary limit. However, the conductance prefactor 
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reaches its maximum of 2e2/h only for a symmetric junction ΓS=ΓT at zero temperature 
and zero bias. At finite temperatures, the conductance will be reduced on a universal 
scale T/TK, but theory still predicts a narrow peak of half-width kBTK in the differential 
conductance at zero bias. Crucially, equation (4) predicts a decay of the pinned transport 
resonance, if the asymmetry between the two contact couplings ΓS and ΓT is increased. 
Evidently, this may be achieved in the process of removing the molecule from the 
substrate. 
The data in Fig. 7 allow us to derive a few general tendencies concerning the 
behaviour of the two lead couplings ΓS and ΓT and thus the asymmetry term in equation 
(4) in phases 1 and 2 of the experiment. (i) Directly after contacting the molecule with 
the tip, ΓT<~ ΓS, i.e. the tip coupling is marginally smaller than the substrate coupling. 
This can be inferred from the data in Fig. 1B, where the differential conductance of an 
unstrained junction immediately after contact formation (blue curve) is compared to the 
tunnelling spectrum recorded with the tip far from the molecule (red curve). By 
contacting, the FWHM of L0 is increased from 300 to 400 meV. Using the relationship 
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TS ∆+∆=∆ and identifying ∆S≈300 meV with ΓS and ∆T with ΓT, we find ΓT<~ ΓS. 
(ii) At the beginning of phase 2 the junctions are already operated in a strongly 
asymmetric regime. On the one hand, this follows from the peak heights in phase 2 of 
the junction stretching experiment. While equation (4) predicts unitary conductance at 
zero bias for a symmetric junction, our experimental junctions show maximum 
differential conductances in the range 0.12 G0 (junction I) and 0.08 G0 (junction II). 
These are typical values also for other experimental junctions which are not shown. 
Since experiments are performed well below the Kondo temperature TK, this 
observation proves that at beginning of phase 2 the junction is already asymmetric. The 
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analysis of the peak heights with equation (4) reveals that in the case of junction II, the 
initial asymmetry in phase 2 is 80, rising to ∞ at the end of the experiment. On the other 
hand, the behaviour of the peak widths in phase 2 also proves the above statement, if it 
is remembered that via equation (3) the width of the Kondo peak is determined by 
parameter Γ=ΓS+ΓT. Since the widths of the pinned peaks in the Figs. 7C,D do not 
change significantly as their intensity decays, we can again conclude that at the 
beginning of phase 2 the junctions are already operated in a strongly asymmetric 
regime; otherwise one would expect the increasing asymmetry to be associated with a 
reduction of the overall Γ and thus a significant peak sharpening. Maximum peak 
heights and peak width evolution thus present a consistent picture. (iii) In phase 2, we 
expect ΓS<< ΓT to hold. As the molecule is peeled off the surface in phase 1, ΓS must 
decrease, and given statement (i) above, the junction should therefore pass through a 
symmetric configuration relatively early, before it reaches phase 2. In phase 2, the 
asymmetry required by statement (ii) is then achieved by ΓS<< ΓT. 
We also note here that since the junctions are operated in a strongly asymmetric 
regime, non-equilibrium renormalizations of the T-matrix can be neglected in leading 
order (5), and the NRG calculations remain valid even at small finite bias. 
6. Summary and Conclusion 
Finally, taking into account the discussion of the previous sections, the scenario 
sketched in Fig. 9 can be proposed for our junction stretching experiments: Initially, on 
tip approach the carboxylic oxygen atoms flip up and form a covalent bond with the tip 
which is mechanically strong enough to lift the molecule from the surface. 
Electronically, the tip-molecule contact is marginally weaker than the π-contact of the 
molecule to the substrate. We thus establish a single-molecule wire with two 
structurally well-defined lead contacts. When the STM tip is retracted, the wire junction 
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is stretched and its transport properties evolve in three phases. In the first phase, the 
molecule-metal π-bond is cleaved. This process can be described in a single-particle 
picture as reversed chemisorption: The doubly occupied bonding orbital L0 is shifted up 
in energy and sharpens. During this process, the molecule-substrate coupling ΓS is 
reduced to values below ΓT. Eventually, the level comes so close to the Fermi level that 
its occupancy is reduced to n≈1 the molecule evolves from a non-magnetic 
chemisorbate to magnetic centre and a Kondo-like many-body resonance develops at 
the Fermi level. This marks the transition between phases 1 and 2 in Fig. 9. In our 
experiments, the many-body physics of the molecular wire is characterised by (1) weak 
correlations in the mixed valence regime and (2) a competition between the zero-bias T-
matrix increasing towards unity (due to electron correlations) and a decrease of the pre-
factor 0
~
G  (due to increasing asymmetry ΓS<< ΓT). Therefore, the wire does not show 
the maximum conductance of the unitary limit. In phase 2, the wire remains in the n≈1 
regime, but its contact asymmetry is further increased, up to the point when – in most of 
the investigated cases, including junction I and II – the electronically stronger contact to 
the tip is ruptured. After this rupture, the molecule falls back to the surface in a different 
position/orientation from before, showing that the extended bond to the molecule was 
indeed transiently cleaved.  
All experimental data can be consistently explained in the above scenario. The 
physical parameters which can be estimated from the experiment, i.e. Γ and ε0, are 
consistent with the results of our model calculation, in the sense that for these 
parameters the model predicts key observables like line shape, height, and width of the 
many-body resonance at the Fermi level in near-quantitative agreement with 
experiment, if a physically reasonable estimate for U is employed. But let us stress 
again that we cannot exclude the possibility that the pinned resonance at the Fermi level 
has another origin. However, the point is that if another mechanism is present, the 
correlation scenario discussed here can be expected to contribute to the behaviour of the 
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wire, even if it is dominated by another, as yet unknown mechanism. If on the other 
hand, our scenario is indeed the right one, presented experiment is one of the first 
observations of Kondo physics in a molecule without magnetic ion 44, 56. 
The behaviour observed here should not be specific to PTCDA; rather, we expect 
it to be a general occurrence whenever a chemisorption bond of the type considered here 
is cleaved, or indeed formed, and the bonding orbital is shifted through the Fermi level, 
a standard situation in the theory of chemisorption. In such cases, the present 
experiment in principle offers a sensitive way to experimentally determine correlation 
energies in the relevant molecular orbitals. Furthermore, our experiment clearly shows 
the importance of electron correlations in the microscopic dynamics adsorption process 
itself, which may be relevant for the theoretical determination of adsorption potential 
energy surfaces and sticking coefficients.  
We anticipate that our transport experiments, and others of similar kind on 
different molecules and substrates, will in future allow the detailed comparison with 
non-equilibrium many-body transport and calculations at the ab initio level, on the basis 
of the precise geometrical and electronic junction structure. On a more general note, the 
approach taken here may be a new pathway to well-defined single-molecule 
experiments. In particular, our experiments combine efforts to symmetrize the STM 
junction for transport experiments with optimal contact control by using molecules from 
epitaxial layers. 
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Figure 1 | Structural and electronic properties of PTCDA/Ag(111). A, Structural formula of 
PTCDA and schematic side view of PTCDA bonding to Ag(111), with primary π−interactio and 
secondary interactions via the carboxylic oxygen atoms (vertical distortion is shown 
schematically). Yellow arrows: Charge transfer from metal to LUMO due to primary bond. B, 
Tunnelling spectrum (red, tip-to-PTCDA distance > 4 Å) and transport spectrum after tip-O 
contact formation (blue, tip-to-PTCDA distance ≈ 2 Å). The discontinuity in latter is caused by 
destruction of the molecule (cf. image in the inset) by I≈5 µA. White cross in the inset indicates 
the position of the approach. Both spectra were measured with lock-in detection using the 
modulation of 4 mV and 500-1000 Hz C, Schematic side view of the junction with the PTCDA 
molecule incorporated between the STM tip and the surface. 
 
Figure 2 | Forming a covalent contact between the STM tip and PTCDA.  A, Approach 
spectra recorded above various parts of PTCDA (left ordinate axis) and Ag(111) (right ordinate 
axis), as labelled, recorded with Vb = 2 mV (dark: approach, light: retraction, besides the red 
curve where time evolution goes along increasing numbers). I/Vb-conductance in units of G0 = 
2e
2
/h = (12.9 kΩ).  It is apparent that the sharp discontinuity discussed as an indication of the 
carboxylic oxygen flip-up motion is only observed above the carboxylic oxygen atoms. Jump of 
the conductance upon the approach to the clean Ag(111) surface was discussed in details in 
the ref. 6 and could be attributed to the formation of the contact between the tip and the surface. 
Zero of the z-scale was established according to the procedure of the absolute z value 
calibration described in the supplement file. B, Schematics of the contact formation process. 
Four stages of the contact formation correspond to the points marked on the approach curve in 
Fig. 2A. 
 
Figure 3 | Reactivity maps of PTCDA functional groups and artificial vacancy created in 
PTCDA layer. A, STM image (5×5 nm2, I = 3 nA, Vb = –15 mV) of the PTCDA/Ag(111) 
monolayer. Two non-equivalent molecules composing the unit-cell of the layer are marked as 
type A and B 14, 18, 40. The image was taken at the distance of (2.4 ± 0.8) Å above the carboxylic 
oxygens (see the height calibration procedure in the supplement file). B, STM image (5×5 nm2, I 
= 5.0 nA, Vb = –10 mV) taken at a distance of < 2.4 Å above the carboxylic oxygens. Contrary 
to the image in Fig. 3A here almost all carboxylic oxygen atoms respond. C, Vacancy island 
created by removing PTCDA molecules with the tip. Image 10×7 nm2, I = 0.1 nA, Vb = –340 mV. 
 
Figure 4 | Statistics of approaches at the positions of the carboxylic oxygens of PTCDA.  
A, Distribution of I/Vb-conductances in the tunnelling regime (curve 1) before the discontinuity, 
and immediately after the discontinuity (curve 2). Curve “max” – distribution of conductance 
maxima occurring for the strained contact, based on 146 retraction curves. Distributions were 
evaluated on dataset consisting of 282 approach curves (Fig. 5A), all carried out with identical 
tip. B, Distribution of tip-to-carboxylic-oxygen distances at which the discontinuity occurs; red – 
type A PTCDA, blue – type B PTCDA (In the commensurate superstructure of PTCDA on 
Ag(111) there are two inequivalent sites, A and B shown in Figs. 3A,B). Data (recorded with 
several different tips) are based on 110 approaches for type A and 115 approaches for type B. 
Green curve: distribution of tip-to-carboxylic-oxygen distances at which conductance maximum 
occurs (based on the 146 retraction curves of the dataset presented in Figs. 4A and 5A). For all 
z-calibrations in this Figure, cf. supplementary file. 
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Figure 5 | Stretching statistics of the tip-PTCDA contact.  A, Collection of 282 retraction 
spectra recorded with identical tip. Brightness scales with frequency of events. For all z-
calibrations in this Figure, cf. supplementary file. B, One of the approach retraction curves from 
the set shown in Fig. 5A. The curve visualizes typical conductance behaviour upon stretching of 
molecular contact. 
 
Figure 6 | Stretching various types of molecular contacts. Approach retraction curves 
corresponding to the stretching of different molecular contacts. Black – stretching of the contact 
to PTCDA residing in the compact layer, results in PTCDA molecule to fall back after 
detachment from the tip. Red – stretching of the contact to PTCDA residing in the compact 
layer, results in PTCDA molecule to stay at the tip. Blue – stretching of the contact to PTCDA 
residing at the edge of the large island, results in the displacement of the molecule from its 
original position (also shown in the inset of Fig. 7B). Green – stretching of the contact to single 
PTCDA molecule, results in the displacement of the molecule from its original position (also 
shown in the inset of Fig. 7A). Zero of the z-scale was established according to the procedure of 
the absolute z value calibration described in the supplement file. 
 
Figure 7 | Conductance spectra of stretched transport junction. A, B, 2 approach and 
retraction spectra of the junction recorded on a separate molecule (A, junction I) and a molecule 
at an island boundary (B, junction II) (Vb = 2 mV). Zero of the z-scale was established according 
to the procedure of the absolute z value calibration described in the supplement file. Images 
show the investigated molecule before and after the experiment, the cross indicates the point of 
approach. Vertical bars: Range of conductance values from G-Vb-spectra in C and D. C, Series 
of G-Vb -spectra (smoothed) measured at z-positions indicated in A by vertical bars (Vmod=4 mV, 
νmod=723 Hz). D, Series of G-Vb-spectra (smoothed) measured at z-positions indicated in B by 
vertical bars (Vmod=4 mV, νmod=723 Hz). Colors in C and D code the regimes in A and B.  
 
Figure 8 | Conductance simulation and structural model of sample contact cleavage. A, B 
Color-coded plot of the transmission matrix T, calculated with NRG (cf. text), as a function of 
bias (vertical axis) and position of the transport orbital ε0 relative to the Fermi level (horizontal 
axis), for lead couplings Γ=10 meV at 1K (A) and 20 meV at 9K (B). Electron correlation 
U=100meV in both cases. (A) illustrates the basic features to be expected when the transport 
orbital passes EF, while (B) is close to our experimental parameters. Occupancy n of the 
transport orbital is indicated in A. Within each of the two simulations, we have kept Γ constant 
for clarity, although stretching the junction reduces Γ. However, it is easy to imagine how the 
plot would be modified by an increasing Γ as we move away from the Kondo regime deeper into 
the n=2 regime. C Vertical cuts through the plots in A (red) and B (blue), at ε0=-50meV. This 
shows the three-peak structure in the Kondo regime, with the singly occupied level at ε0, the 
doubly occupied level at ε0+U, and the pinned Kondo peak in the centre. Larger lead couplings 
(B) wash out the distinct peak structure of ε0 and ε0+U, but the physics is unchanged.  
 
Figure 9 | Structural model of sample contact cleavage. Schematic structural model of the 
gradual π-bond cleavage, with qualitative evolution of the junction parameters, for further 
information cf. text.  
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Supplementary Information 
1.  Absolute z-calibration of approach spectra 
Details of the calibration procedure 
Once the tip has been placed above the Ag surface at I = 0.1 nA, Vb = –340 mV 
(completion of step 2, cf. Methods section), it is moved towards the Ag surface 
until contact is made (step 3, cf. Methods section). A typical approach curve 
above Ag is shown in Supplementary Fig. 1a. The step at (6.3 ± 0.2) Å indicates 
that contact has been made. In the present example, the conductance after the 
step is 1.7 G0. Values in this range, and in particular larger than G0, are 
common for tip contacts with flat surfaces (S1). This proves that more than one 
conduction channel has been established, indicating in turn that the contact is 
not formed between just the single apex atom and a single atom in the surface. 
The contact appears after a piezo-shift of (6.3 ± 0.2) Å (Supplementary Fig. 1a). 
This value, however, must be corrected, because the attractive forces between 
tip and surface distort both of them before the contact is made. This distortion 
has been calculated quantitatively in ref. S1, with the result that the tip and 
sample move towards each other by 1 to 2 Å; contact is hence made at a value 
on the piezo-scale for which the undistorted tip would still be 1 to 2 Å away from 
the undistorted surface. When seeking to determine the distance of a tip to the 
lattice planes of a surface, in the regime when the tip is far away from the 
surface and therefore both are undistorted, we therefore have to add 1 to 2 Å to 
the piezo-shift determined from an approach curve such as presented in 
Supplementary Fig. 1a. The tip-to-sample distance in Supplementary Fig. 1b is 
therefore (6.3 + 1.5 ± 0.5) Å = (7.8 ± 0.5) Å. Having accounted for the distortion 
effect by the (+1.5 ± 0.5) Å correction, we can from now on disregard the 
distortion of tip and sample in our discussion. 
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The next issue is the atomic structure of the contact at the point of the 
conductance jump in Supplementary Fig. 1a. In Supplementary Fig. 1b we 
 
 
 
Supplementary Figure 1 | Approach spectrum above Ag(111) and z-calibration. a, Approach 
spectrum measured with a bias of Vb = –2 mV. Before opening the feedback loop, the tip was stabilized at 
I = 0.1 nA and Vb = –340 mV. Dashed arrow indicates the total distortion of the tip-sample contact. Blue 
and green arrows correspond the position marked in b. b, Scale model of the z-calibration procedure. Left 
and right panels: Approach above Ag(111) (cf. Methods, step 3), assuming weak and strong contacts. 
Middle panel: Approach above carboxylic oxygen atoms, the latter represented by a red circle with 
covalent radius of rc = 0.7 Å (ref. S2). Tip and substrate atoms are represented by open circles with the 
covalent radius of silver (rc = 1.55 Å) (ref. S2). Framed distances are piezo-shifts. 
a The experimental 
value has been taken from ref. 18. b The value has been taken from ref. S3. Further discussion in the text 
of the Supplementary Information, section b.   
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consider two limits: On the right, a weak contact is shown, assuming that the 
current jump occurs when the apex atom goes into first mechanical contact with 
the surface. On the left, the strong contact supposes that the apex atom 
becomes completely embedded in the first atomic layer of the surface. These 
contacts are extreme limits. Reality will lie somewhere in between. The 
conductance value of 1.7 G0 indicates that the contact must be stronger than 
the weak contact on right of Supplementary Fig. 1b. In the following, we will 
base our calculations on both scenarios and interpolate between them. 
According to the Figure, they lead to an absolute tip height above Ag at the 
stabilisation point of (9.4 ± 1.6) Å. This corresponds to (6.7 ± 1.6) Å above the 
carboxylic oxygen atoms. The uncertainty of 1.6 Å originates from considering 
two extreme (and unlikely) limits of tip-surface contacts.  
In the middle panel of Supplementary Fig. 1b the approach towards the 
carboxylic oxygen (displayed in red) is shown schematically. The piezo-shift to 
the point on the piezo-scale where the flip occurs is 4.0 Å, yielding 1.9 or 5.0 Å 
[=(3.4+1.6) Å] as the centre-to centre distance of the tip apex atom to the 
carboxylic oxygen just before the flip. From the distortion of the molecule (the 
carboxylic oxygen is 0.2Å below the average carbon position) we estimate an 
oxygen movement by ~ 0.5 Å to a symmetric position above the plane of the 
molecule. This yields an estimated Ag-O bonding distance of  (2.9  ±  1.6) Å. 
The uncertainty in this number is given by the two limits of a strong and weak 
tip-Ag contact during z-calibration; the most likely value, corresponding to an 
‘intermediate’ tip-Ag contact is indeed the central value of 2.9 Å. In reality, the 
(statistical) error bar will be much smaller; we estimate an error of  ± 0.8 Å for 
the range of realistic tip-metal contacts.  The Ag-O bond distance of (2.9  ±  0.8) 
Å is in reasonable agreement with known distances of Ag-O bonds, see above. 
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2. Supplementary Data      
 
 
 
 
Supplementary Figure 4 | DFT calculated PTCDA-tip contact, with the tip 8.2 Å 
above the Ag(111) surface (not shown), i.e. after tip-retraction of 3.2 Å. Figure 
courtesy to M. Rohlfing, G. Cuniberti and B. Song.   
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